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Abstract-Because adult human cartilage shows poor capacity for
repair and regeneration, innovative solutions are required for con-
genital and acquired degenerative cartilage lesions. Acquired
lesions occur in young and old alike, the former being more at risk
for sports-related injuries and the latter for age-related degenera-
tive changes. Because cartilage is a relatively simple tissue with
respect to its cellular homogeneity and avascularity, it has been a
model for research of in vitro engineered tissues. Progress has
been slow and obstructed on several levels. The adult chondro-
cyte has limited capacity for proliferation and has both catabolic
and anabolic functions. These metabolic features must be con-
trolled in order for engineered tissue to endure. Use of three-
dimensional scaffolds can be combined with regulatory factors
(cytokine, extracellular matrix [ECM], and mechanical) to opti-
mize conditions for in vitro engineered cartilage. Cross-discipli-
nary interactions are likely to accelerate progress and to mediate
application of advances made in other fields for consistently suc-
cessful in vitro engineering of cartilage for all clinical needs.
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INTRODUCTION

The Clinical Problems

Adult human cartilage shows poor capacity for
repair and regeneration. Explanations for this include the
limited potential for chondrocyte proliferation, the capac-
ity of chondrocytes to become catabolic in response to
pathological mediators, and the avascular nature of the
tissue that prevents immigration of regenerative cells
unless the lesion provides access to marrow.
Degeneration of articular cartilage in diarthrodial joints is
a hallmark of osteoarthritis and related disorders.
Experimental studies show that superficial articular
wounds usually incur selective loss of proteoglycan from
the matrix, followed by inadequate attempts at cell pro-
liferation and repair. Deeper defects that penetrate the
subchondral bone and damage blood vessels and marrow
integrity show a different response. Fibrocartilaginous
repair tissue is formed, with functionally more suitable
repair cartilage formed in smaller defects. Various surgi-
cal procedures have been developed for greater consist-
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ency in repair (e.g., abrasion arthroplasty, microfracture,
drilling, and transplantation of osteochondral plugs), but
they are highly dependent upon technique and are limited
to small lesions.

The motivation for tissue engineering is to promote
biological repair or regeneration. The conceptual
approaches for acquired or congenital deficiencies of car-
tilage include implantation of inert substitutes for discon-
tinuities or missing parts, drug or matrix treatments to
stimulate tissue regeneration, autogenous cell or tissue
transfer, or in vitro production of tissues or tissue equiv-
alents for implantation.

Among the orthopedic problems that may be con-
sidered for cartilage tissue engineering, articular cartilage
lesions have shown the earliest applications for cell-
based therapy. Other important needs are for replacement
of damaged intervertebral discs and knee menisci.
Craniomaxillofacial deficiencies, both congenital and
acquired, may also be suitable for engineered cartilage.
Congenital problems include structural deficiencies of
cartilage in midface deformities, severe hemifacial
microsomias, and microtia. Temporomandibular joint
diseases can occur with severe damage in the joint
disc/meniscus and articulating surfaces.

DISCUSSION

Source of Cells

Different biological preparations have been pro-
posed for repair of cartilaginous defects (Table 1).
Theoretically, cartilage tissue appears well suited for
transplantation; it lacks a blood supply, is nourished by
diffusion, and has a low cell-to-matrix ratio. There are
sites for donor tissue, especially in pediatric patients.
Transplanted autogenous cartilage has been used success-
fully for construction of ears in children with congenital

Table 1.
Sources of chondrogenic tissue.

Cartilage autograft

Banked cartilage allograft

Perichondrium

Periosteum

Freshly isolated or expanded chondrocytes
Bone marrow

Progenitors/precursors

Chondroinduced skin fibroblasts

microtia or atresia, with excellent long-term maintenance
(1). Long-term results of osteochondral shell allograft
resurfacing of knees indicate better function in unipolar
than bipolar cases (2). Segments of cartilage, however,
are less suitable for repair of articular surfaces or intracar-
tilaginous defects where bonding to the tissue bed is
important.

Consideration of cauliflower ear inspired Skoog to
examine the potential of the perichondrium to form new
cartilage in a space or void created between the perichon-
drium and underlying cartilage (3,4). Experimental studies
showed that isolated rabbit-ear perichondrocytes had the
potential for chondrogenesis, but that autogenous trans-
plantation of sheets of perichondrium to eburnated patellae
resulted in inconsistent amounts and quality of neocartilage
(5). Appearance of capillaries in fibrous areas suggested
that focal angiogenesis is detrimental to cartilage repair and
maintenance. Although there have been some reports on the
clinical utility of perichondrial transplants (6), there is only
limited donor material available in adults.

Periosteum is more plentiful than perichondrium in
adults. Ham’s classic studies in fracture healing pointed
to the periosteum as the source of neochondrogenesis in
callus tissue (7). Transplanted autogenous periosteum
produces an admixture of new bone and cartilage, proba-
bly depending upon vascularity of the microenvironment
in the recipient bed (8). Early attempts to resurface carti-
laginous defects with transplanted periosteum gave vari-
able success (9). More consistent results were obtained
with continuous passive motion of joints repaired with
periosteum (10).

Although progress in this area has been slow, there
has been enthusiasm for the use of freshly isolated or
expanded cells because of the good viability of trans-
planted chondrocytes (11). Defects created in articular
cartilage that were filled with cultured chondrocytes
showed significant repair tissue with features of normal
articular cartilage (12). In that study, 80 percent of carti-
lage was reconstituted with the autologous chondrocytes,
compared with only 18 percent in ungrafted controls. In
carefully selected cases, the first clinical use of autoge-
nous, expanded chondrocytes showed the potential for
excellent-to-good results, especially in the femoral
condyle (13). Thus, it is clear from experimental and clin-
ical studies that adult chondrocytes can be expanded in
vitro and used to produce cartilage in vivo.

There are, however, critical requirements for the
successful expansion of chondrocytes in vitro. Moderate
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seeding density and frequent subcultivations usually opti-
mizes growth of most cell types. If that approach is used
for chondrocytes, however, there may be a progressive,
irreversible loss of function. Monolayer cultures of seri-
ally passaged chondrocytes fail to produce cartilage
matrix; this phenomenon was described as the dediffer-
entiation of chondrocytes in vitro (14). It has been known
for many decades that chondrogenesis can be enhanced if
chondrocytes are seeded at high density (15), suspended
in solution (16), isolated as chondrons (17), or cultured as
pellets (14). Conditions that favor maintenance of pheno-
type are usually not those that favor increases in numbers
(18). As a result, there may be limitations in the numbers
of suitable cells that can be grown in vitro for subsequent
repair of cartilage defects.

Bioreactors are commonly used for large-scale
expansion of cell numbers, especially for cells that grow
in suspension. Such bioreactors provide mixing to
improve the rate of proliferation and yield of cells, but the
fluid dynamics may not be appropriate for tissue mor-
phogenesis. Scientists at NASA’s Johnson Space Center
developed low shear stress culture devices, called
Rotating-Wall Vessels (RWVs), that support the acceler-
ated proliferation and organization of cells into differen-
tiated tissues or organoids (19). The unique conditions
provided by RWVs stimulated chondrocytes to form large
(5-mm) aggregates of cartilage in suspension (20).

As an alternative to harvesting normal cartilage as a
source of chondrogenic cells, it is possible to differentiate
chondrocytes from other cell types. Use of transgenes or
multipotential stem cells has such possible applications if
technical and other hurdles can be overcome. It is clear
that subpopulations of marrow-derived cells (21) and
muscle-derived satellite cells (22) have the capacity to
give rise to chondrocytes. Whether chondrocytes that are
differentiated in vitro from bone marrow preparations
will maintain the articular phenotype or mature into
hypertrophic chondrocytes may depend upon the site into
which they are implanted or the mediators in their
microenvironment (23). More information about the plas-
ticity of chondrocytes and their potential for developing
endochondral bone will be needed for clinical applica-
tions. It has also been reported that synovial tissue con-
tains cells capable of forming cartilage in the presence of
TGFB1 (24).

In addition, human dermal fibroblasts have been
shown to produce cartilage matrix chondroitin sulfate
after culture with osteoinductive demineralized bone
matrix (25). That monolayer system was found to be lim-
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ited, however, because it did not optimize contact
between the osteoinductive matrix and target cells. A
three-dimensional (3-D) collagen/demineralized bone
powder sponge system was developed that allowed for
high-density culture with good nutrient exchange (26).
Chondrogenesis was improved with a modification hav-
ing a packing geometry of the demineralized bone pow-
der that optimized cell/matrix interactions (27). On the
basis of immunohistochemical, immunochemical (28),
and molecular (29) assays, it was shown that this 3-D sys-
tem supports the migration, viability, and chondroinduc-
tion of human dermal fibroblasts (Figure 1). These
results suggest the possibility that fibroblasts from a
patient’s skin biopsy could be expanded into very large
numbers in vitro with subsequent transdifferentiation into
chondrocytes by exposure to demineralized bone or, the-
oretically, to putative differentiation factors or chondro-
genic master transgenes. The resulting chondrocytes
would thus be a source of autogenous cells for engineer-
ing cartilage tissue for that patient.

SEEDING MIGRATION

INDUCTION CHONDROGENESIS

Collagen

Figure 1.

Representation of the process of in vitro chondroinduction. Human der-
mal fibroblasts (hDF) are seeded on top of the composite sponge made
of two layers of collagen around a packet of demineralized bone powder
(DBP). The cells migrate through the collagen layer, attach to the parti-
cles of DBP, and are induced to produce extracellular cartilage matrix.

Carriers and Scaffolds

Delivery of simple cell suspensions is of limited
value in musculoskeletal applications because of the
requirement that the cells be retained at the desired site.
Isolated chondrocytes lack adherence to the lesion sites
and suspensions produce fibrocartilage or small foci of
cartilage at best. Fluid carriers or 3-D scaffolds can be
used for delivery and retention of cells. Popular natural
hydrogels, such as alginates (30), fibrin (31), collagen
gels, or admixtures (32,33), are useful to contain or
immobilize cell suspensions. In vitro properties of algi-
nate/fibrin beads have been enhanced with additives like
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hyaluronan (34). Viscous suspensions of chondrocytes in
hyaluronic acid preparations were used for cartilage
regeneration in 3-year-old chickens (35).

In addition to their important function as a carrier of
cells, 3-D scaffolds are useful to define the space for the
new tissue, and, potentially, to enhance the maturation
and function of the regenerated tissue. Candidate scaf-
folds or matrices include natural polymeric materials,
synthetic polymers, biodegradable polymers, and poly-
mers with adsorbed proteins or immobilized functional
groups. Details of the manufacturing and properties of the
synthetic materials have been reviewed (36).

Naturally occurring matrices or their components
have advantages because of their outstanding biocompat-
ibility properties. Devitalized cartilage matrix was used
as a substrate for neochondrogenesis by isolated chon-
drocytes (37). The matrix/chondrocyte constructs were
assembled with fibrin and shown to become mechanical-
ly integrated with the substrate (38). Other preparations
of cartilage post-extraction remains have been used to
supportt in vitro chondrogenesis (39).

Favored extracellular matrix (ECM) molecules of
connective tissues are collagen, hyaluronan, and gly-
cosaminoglycans. Porous, 3-D sponges comprised of col-
lagen fibers support the viability of chondrocytes and
their production of cartilage matrix in vitro (28). Others
have used collagen gels for cultured chondrocytes, but, in
contrast to scaffolds made of collagen fibers, those colla-
gen gels have a tendency to contract in the presence of
serum (40).

Synthetic polymers are used as 3-D scaffolds, or
supports, for engineered cartilage. Synthetic polymers
have theoretical advantages regarding plentiful supply,
precise control of composition and material properties,
and possibilities of biocompatible and resorbable fea-
tures. Polymers comprise two major categories: those that
are permanent and those that are temporary because they
are resorbed by the body. Permanent polymers have been
useful for many applications in orthopedics. Polyethylene
in the ultra-high-molecular weight formulation is used for
the articulating surface components in joint prostheses.
Its clinical success is attributed to its low coefficient of
friction and low rate of wear; however, longer use indi-
cates significant generation of wear debris that con-
tributes to implant loosening. Another important polymer
is polymethylmethacrylate, used as a cement for fixation
of implants to bone. Permanent scaffolds are not attrac-
tive for tissue engineering because they would interfere
with tissue turnover and remodeling.

The key requirements of bioresorbable materials are
that 1) their rates of degradation must be compatible with
the intended use, and 2) the products of their degradation
must be nontoxic. Of the synthetic materials, polyglycol-
ic acid (PGA), polylactic acid (PLA), and their copoly-
mers are most widely studied. They have been used
clinically since their introduction as sutures in the 1970s.
Their rate of resorption is considered short in comparison
to other polymers like polycaprolactone (PCL), which
has a longer half-life more suited to drug delivery appli-
cations. Matrices of PGA provided a template for new
cartilage formation by chondrocytes (41). With precise
control of culture conditions, bioreactors may provide
improved growth and matrix synthesis (42,43).

Regulation of In Vitro Chondrogenesis

In addition to general aspects of good nutrient
exchange and absence of conditions like turbulent flow
(43), it is possible to modulate the quantity and quality of
cartilage engineered in vitro. Serum factors and various
growth factors have been shown to modulate cartilage
matrix synthesis in 3-D cultures, especially fibronectin
(44), insulin-like growth factor-1 (IGF-I; 44,45), trans-
forming growth factor 8 (TGF-B; 45), and platelet-
derived growth factor (PDGF; 40).

Insoluble factors also modulate cell behavior in 3-D
cultures. This understanding is founded on the apprecia-
tion among developmental biologists that ECM compo-
nents influence the behavior of the cells that secrete them
and on the subsequent discovery of cell membrane recep-
tors for ECM molecules. The integrin receptors for pro-
tein motifs (or ligands) are the best studied, but another
category of proteoglycan receptors includes CD44, which
mediates chondrocyte binding to hyaluronan (46). Intra-
articular injections of hyaluronan have been shown to
have a protective effect in experimental osteoarthritis
(47) and in clinical studies (49). This is of relevance to
tissue engineering in that addition of hyaluronan to chon-
drocyte preparations appears to promote chondrogenesis
(34,35). One of the earliest successes with chondrocyte
therapy for repair of articular cartilage used a carrier for
the cells that was a gel with ECM components produced
by chondrocytes in vitro (49). It is notable that another
ECM preparation, demineralized bone matrix, induces
chondrocyte differentiation in vivo (50,51) and with
human dermal fibroblasts in vitro (28,29).

Cartilage in vivo is well suited to adapt to the inter-
mittent loads placed upon joints. It has been shown that
mechanical compression modulates biosynthesis in carti-
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lage slices (52,53) and in isolated chondrocytes (54).
Preliminary results indicate that hydrostatic fluid pres-
sure enhances chondrogenesis in 3-D culture (55).

Thus, it is evident that integrated optimization of
constituents of the culture medium, components of the 3-
D scaffold, and the mechanical environment should pro-
vide more consistent engineered tissue of desired quality
to function where implanted.

Obstacles

Widespread discourse about the early experiments
with tissue and organ engineering has generated public
demand and expectations that engineered tissues will be
available before long. There are, however, critical hur-
dles that need to be overcome. In the case of engineered
cartilage, it would seem preferable to avoid harvesting of
normal tissue and have a single operation for implanta-
tion of engineered tissue. Mature chondrocytes are
exceptional in their ability to serve catabolic as well as
anabolic functions. Control to inhibit the chondrolytic
activities of chondrocytes would seem important for
maintaining engineered tissues. Consideration of the lim-
ited proliferative and regenerative capacity of adult
chondrocytes and the potential for dedifferentiation upon
expansion also leads to the goal of an alternate source of
cells. Use of xenogeneic or allogeneic cells requires
selective shattering of the immunogenicity barrier in
transplantation.

Only limited materials are currently available as car-
riers or scaffolds. Innovative synthetic materials, such as
polypeptides or novel biodegradable polymers, need to be
evaluated.

There remain difficulties in incorporation of neocar-
tilage with adjacent healthy tissue. We have incomplete
understanding of the relationship between cartilage and
vascular response to wounding. Engineered cartilage
needs to attach to the implantation site without evoking
an angiogenic response. Enhancement of cartilage’s
antiangiogenic activity may be needed. If remodeling of
the implant/tissue bed interface is required for integra-
tion, it must not proceed unregulated. These metabolic
processes are not yet fully understood.

Future Directions

Current research is directed at solving each of these
elements. Progress to date has been enabled by multidis-
ciplinary attacks with creative solutions. Possible alterna-
tives to the limited numbers of autogenous cells may
include microencapsulation or modification of xenogene-
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ic or allogeneic cells. It is conceivable that genetically
modified cells could be grown on a biocompatible scaf-
fold with internal signals for programmed histogenesis.
Advances in materials design may generate “smart” scaf-
folds that will control tissue topology and have surface
modifications to stimulate cell attachment, differentia-
tion, and growth. Articular cartilage is a relatively simple
tissue because of its cellular homogeneity and avascular-
ity. Composite engineered tissues or organs, like an engi-
neered joint, lie as a future goal. Cross-disciplinary
interactions are likely to accelerate progress and to medi-
ate application of advances made in other fields to con-
sistently successful in vitro engineering of cartilage for
all clinical needs.
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